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AS-508 S - I V B  POSTFLIGHT LUNAR IMPACT TRAJECTORY ANALYSIS 

SUMMARY 

This document presents  ana lyses  of t he  AS-508 S-IVB lunar  impact. 
The lunar  impact ob jec t ive ,  a launch veh ic l e  secondary ob jec t ive ,  w a s  
t o  suppor t  t he  Apollo 1 2  pass ive  seismic experiment by exc i t i ng  the  
lunar  s t r u c t u r e  upon impact and allowing t h e  seismometer t o  record the  
event.  I n  a d d i t i o n ,  an  accu ra t e  p o s t f l i g h t  de te rmina t ion  of t he  a c t u a l  
S-IVB impact time and loca t ion  w a s  des i r ed ,  The r e s u l t s  of t h e  a n a l y s i s  
of the  lunar  i m p a c t ,  t rack ing  da ta ,  t r a j e c t o r y  and r e s u l t i n g  lunar  
impact condi t ions  a r e  given. Included i s  a d e s c r i p t i o n  of t he  cu r ren t  
bes t - e s t ima te  of t h e  AS-508 lunar  impact coord ina tes  and a d e t a i l e d  tra- 
j e c t o r y  l i s t i n g  from s p a c e c r a f t  s epa ra t ion  t o  lunar  i m p a c t .  

INTRODUCTION 

Lunar missions before  Apollo 13 included the  d i sposa l  of t he  spen t  
S-IVB/IU s t a g e  as a d e s i r a b l e  goal  following s p a c e c r a f t  s epa ra t ion .  
This d i sposa l  w a s  accomplished by lowering the  energy of the t r ans luna r  
t r a j e c t o r y  through r e t rog rade  t h r u s t i n g ,  a l lowing the  s t a g e  t o  pass by 
t h e  t r a i l i n g  edge of t h e  moon and "s l ingshot"  i n t o  a h e l i o c e n t r i c  o r b i t .  
However, a f t e r  t he  Apollo 1 2  Lunar Module (LM) ascen t  s t a g e  w a s  in ten-  
t i o n a l l y  impacted near the  seismometer, producing se i smic  d a t a  which 
r a i sed  many s i g n i f i c a n t  and unanswerable ques t ions  about t he  na tu re  of 
the  moon's composition, an S - I V B / I U  lunar  impact w a s  made a launch veh ic l e  
d e t a i l e d  o b j e c t i v e  f o r  the  Apollo 13 mission. Since t h e  S - I V B / I U  s t a g e  
would have a terminal  v e l o c i t y  and mass a t  i m p a c t  s e v e r a l  times g r e a t e r  
than t h a t  of the  LM ascen t  s t a g e  and would have a much smaller incidence 
angle ,  t h e  prospec t  of using the  spent  s t a g e  t o  ob ta in  seismic d a t a  w a s  
promising . 

On A p r i l  11, 1970, t he  spen t  AS-508 S - I V B / I U  s t a g e  w a s  t a rge ted  t o  
i m p a c t  approximately 140 ki lometers  from t h e  Apollo 1 2  seismometer. A s  
a r e s u l t  of t he  impact, t he  seismometer s i g n a l  w a s  20 t o  30 times g r e a t e r  
i n  amplitude and four  times longer in  du ra t ion  than the  Apollo 1 2  LM 
impac t  . 

The r ea l - t ime  t a r g e t i n g  of t h e  S- IVBIIU was performed by a team of 
engineers  a t  the  Hun t sv i l l e  Operations Support Center (HOSC), Marshall  
Space F l i g h t  Center.  Real-time t racking  d a t a  were processed by both 
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t he  Manned Spacecraf t  Center (MSC) and Goddard Space F l i g h t  Center (GSFC) 
u n t i l  t he  Command and Serv ice  Module/Lunar Module (CSM/LM) emergency 
occurred. Following t h e  emergency, only GSFC continued providing r e a l -  
time t r ack ing  s t a t e  vec to r s ,  and a l l  p o s t f l i g h t  t racking  a n a l y s i s  w a s  
performed by GSFC. The r e s u l t s  of t h i s  s tudy  a r e  contained i n  Chapter 11. 
Chapter I descr ibes  and eva lua tes  the mission from the  s tandpoin t  of 
ob jec t ives  accomplished. Also included is  an eva lua t ion  of t he  lunar  
t a r g e t i n g  technique and a summary of t h e  v e h i c l e  performance as s i g n i f i -  
can t  from the  s t andpo in t  of t a r g e t i n g  and t racking  a n a l y s i s .  Chapter 111 
presents  the b e s t  p o s t f l i g h t  e s t ima te  of t h e  S-IVB/IU t r a j e c t o r y  from 
s p a c e c r a f t  s e p a r a t i o n  t o  lunar  impact, along wi th  r e l a t e d  supplementary 
m a t e r i a l .  Chapters I a n d  I I I w e r e  prepared by MSFC, and Chapter I1 was  
prepared by GSFC. 

A l l  event times given i n  Chapter I a r e  measured i n  Ground Elapsed 
Time (GET) i n  u n i t s  of H0URS:MINUTES:SECONDS. Ground E l a p s e d  Time i s  
measured from the  po in t  of v e h i c l e  range zero which i s  assumed t o  be 
19:13:00 Greenwich Mean Time. A l l  event times given i n  Chapters I1 and 
111 a r e  i n  Greenwich Mean Time (GMT) i n  u n i t s  of DAYS/HOURS:MINUTES: 
SECONDS. I n  some cases ,  t he  measure of DAYS or SECONDS may be omitted.  

vii 



CHAPTER I. MISSION ANALYSIS 

W e  D. McFadden 

1.0 In t roduc t ion  

To accommodate the  S - I V B / I U  lunar  impact experiment, some veh ic l e  
hardware and so f tware  changes were made. On AS-507, following space- 
c r a f t  s epa ra t ion ,  s o l a r  hea t  on the  Instrument Unit (IU) caused the  
Command and Communications System (CCS) s i g n a l  t o  drop ou t  e a r l y  i n  
Timebase 8 (TB8). To enable the  CCS t o  be used i n  lunar  i m p a c t  opera- 
t i o n s ,  a thermal shroud w a s  placed over a l l  I U  components on AS-508. 
To al low t racking  of t h e  S - I V B / I U  t o  lunar  impact, a b a t t e r y  w a s  added 
t o  the  I U  e l e c t r i c a l  system t o  provide power f o r  opera t ing  the  CCS 
transponder and power ampl i f i e r .  The second S- IVB/ IU cu tof f  Continuous 
Vent System (CVS) ven t  was  shortened so  t h a t  following Translunar  In j ec -  
t i o n  (TLI) an IU s t a g e  vec to r ,  s to red  a t  TB7 + 150.2 seconds and t rans-  
mit ted from t h e  I U  upon H a w a i i  a c q u i s i t i o n ,  would show t h e  e n t i r e  
propuls ive  impulse from the  vent .  And, the  c a p a b i l i t y  w a s  added t o  t h e  
I U  t o  accept  a lunar  impact Auxi l ia ry  Propuls ion System (APS) burn com- 
mand cons i s t ing  of a p i t c h  and yaw change i n  a t t i t u d e ,  APS burn du ra t ion  
and s t a r t  time. 

1.1 Mission Object ives  

Unlike previous v e h i c l e s ,  AS-508 in'cluded i n  i t s  l i s t  of d e t a i l e d  
ob jec t ives  impacting a spent  S - I V B / I U  s t a g e  on the  moon t o  ob ta in  se i smic  
d a t a  on t h e  lunar  s t r u c t u r e  ( see  re ference  1 ) .  I n  d e t a i l ,  t he  lunar  
impact ob jec t ives  were: 

(1) Target  t he  S-IVB/IU spent  s t a g e  such t h a t  t h e r e  e x i s t s  a 
50 percent  p r o b a b i l i t y  of impacting wi th in  350 km of t h e  t a r g e t  s i t e .  
The Apollo 13 lunar  impact t a r g e t  s i t e  coord ina tes  were selenographic  
longi tude  = 30"W and selenographic  l a t i t u d e  = 3"s .  

(2)  Determine t h e  a c t u a l  impact time t o  wi th in  1 second. 

(3) Determine the  a c t u a l  impact po in t  t o  w i t h i n  5 k i lometers .  



A pre-mission s tudy  showed t h a t  t hese  ob jec t ives  were compatible from 
the  s t andpo in t  of bo th  the  des i r ed  s c i e n t i f i c  ob jec t ives  and technica l  
and ope ra t iona l  f e a s i b i l i t y .  

Because l i t t l e  w a s  known about the  maximum d i s t a n c e  t h a t  an 
S-IVB/IU i m p a c t  could be r e g i s t e r e d  by the Apollo 1 2  seismometer, a 
t a r g e t  s i t e  approximately 200 ki lometers  from the  experiment package 
w a s  e s t ab l i shed .  With the  expected t a rge t ing  accuracy,  t h i s  provided 
a reasonable  confidence t h . a t  the  impact would be recorded. I f  the d i s -  
tance of t he  impact from the  seismometer and the  times of impact and 
r ecep t ion  of t h e  s i g n a l  a r e  known, then the  speed of t he  seismic wave 
through the  lunar  m a t e r i a l  can be ca l cu la t ed .  However, t he  c e r t a i n t y  
of t h i s  r a t e  of t r a v e l  is  high only i f  s u f f i c i e n t l y  small  d i spe r s ions  
a r e  placed on t h e  impact time and l o c a t i o n  determinat ion.  Dispersions 
of _+1 second i n  impac t  time and -C5 km i n  l o c a t i o n  were considered very 
d e s i r a b l e  from t h e  s c i e n t i f i c  s tandpoin t .  

Pre-mission analyses  of r ea l - t ime  t racking  vec tor  accuracy 
ind ica ted  t h a t  t hese  t a rge t ing  ob jec t ives  could be met. P o s t f l i g h t  
t ra  j ec t o r y  r econs t ruc t  ion experience indicated t h a t  t he  requi red  
to le rances  on i m p a c t  time and l o c a t i o n  a re  poss ib l e  provided t h a t  
t racking  of t he  S - I V B / I U  can be maintained u n t i l  impact. 

A l l  of t h e  ob jec t ives  ha.ve been met w i th  the  exception of the 
f i n a l  determinat ion of impact l oca t ion .  Erroneous APS f i r i n g s  a t  
approximately 19:29:10 GET imparted a tumble r a t e  t o  the  S - I V B / I U  of 
s e v e r a l  degrees per second which continued u n t i l  impact. Since the  
uni f ied  S-Band t ransponder- i s  located near the  I U ,  the  per iodic  move- 
ment away from and then toward t h e  t racking  s t a t i o n  due t o  tumbling 
cont r ibu ted  a l a r g e  s h o r t  term v a r i a t i o n  of range r a t e  t racking  d a t a  
a t  the  ground s t a t i o n s .  The da ta  q u a l i t y  and r e s u l t i n g  degradat ion of 
the  t r a j e c t o r y  determinat ion a r e  discussed i n  d e t a i l  i n  Chapter 11. 
However, a more accu ra t e  determinat ion of t h e  impact l o c a t i o n  is 
poss ib le .  I f  a photograph could be taken of t he  S-IVB/IU impact 
c r a t e r  and surrounding landmarks from lunar  o r b i t ,  a p rec i se  determina- 
t i o n  of i t s  l o c a t i o n  would be poss ib l e .  Such an at tempt  is  planned on 
the  Apollo 14 Mission. 

1 . 2  Target ing Analysis 

1 . 2 . 1  Lunar Target ing Program 

A l l  r ea l - t ime  S-IVB/IU lunar  impact t a rge t ing  w a s  performed a t  
MSFC wi th  the  UNIVAC 1108 Lunar Target ing Program (LUNTAR) wi th  backup 
t a r g e t i n g  performed i n  p a r a l l e l  on the  CDC 3200 computer. The CDC 3200 
vers ion  of LUNTAR uses the  same t a r g e t i n g  technique as the 1108 program. 
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This technique r equ i r e s  the  use of t he  R-T-S t a r g e t i n g  coordin- 
a t e  system defined i n  the  appendix. 
vec tor  i n  r e a l  time, i n i t i a l  guesses of t h e  a t t i t u d e  and APS burn time 
a r e  input  t o  t h e  program along wi th  the  des i r ed  t a r g e t  coord ina tes .  
The s t a t e  vec tor  is  then in t eg ra t ed  out  t o  lunar  encounter t o  ob ta in  
the  nominal impac t  po in t  f o r  the  i n i t i a l  guess maneuver. Then the  
i n i t i a l  guess f o r  t h e  lunar  i m p a c t  maneuver i s  perturbed independently 
i n  p i t c h ,  yaw, and v e l o c i t y ,  and each of t hese  perturbed t r a j e c t o r i e s  
a r e  in t eg ra t ed  t o  lunar  i m p a c t  t o  obta in  l i n e a r  p a r t i a l  d e r i v a t i v e s  i n  
the  R-T-S system. Af t e r  so lv ing  a s e t  of d i f f e r e n t i a l  equat ions f o r  a 
new p i t c h ,  yaw, and v e l o c i t y  change, the  process i s  repeated u n t i l  t he  
maneuver is found which places  the  impact po in t  w i th in  prescr ibed 
l i m i t s  of the  t a r g e t .  A t  t h i s  po in t ,  t h e  same procedure is continued 
except t h a t  t h e  pa r t i a l  d e r i v a t i v e s  a r e  formed i n  the  selenographic  
coord ina te  system, u n t i l  the  impact po in t  l i e s  w i th in  prescr ibed l i m i t s  
of the  selenographic  l a t i t u d e  and longi tude of t he  t a r g e t  s i t e .  The 
LUNTAR Program output  includes the  required APS burn time and du ra t ion ,  
p i t c h  and yaw a t t i t u d e  changes and the o c t a l  command words f o r  each of 
t hese  parameters.  

Upon rece iv ing  an S-IVB/IU s t a t e  

1 . 2 . 2  Real-Time Operations 

Af te r  Ear th  Parking Orbi t  (EPO) i n s e r t i o n ,  s t a t e  vec tors  based on 
Manned Space F l i g h t  Network (MSFN) t racking  d a t a  were generated a t  MSFC 
and t ransmi t ted  t o  t h e  Lunar Impact Team (LIT) a t  MSFC. The EPO s t a t e  
vec tors  were then used t o  run 6-D simulated S-IVB/IU second-burn t r a j e c -  
t o r i e s .  These s imula t ions  were run  by t h e  I n f l i g h t  T ra j ec to ry  Team 
(IFTT). The output  of these  s imula t ions  w a s  a post-TLI s t a t e  vec tor  
which w a s  then au tomat ica l ly  fed i n t o  the  LUNTAR Program. The LUNTAR 
Program modeled the  pred ic ted  evasive burn,  CVS ven t ,  LOX dump, and 
APS lunar  impac t  burn and determined the lunar  impact po in t  and requi red  
maneuver. For comparison, the  impact po in ts  of a l l  t he  r ea l - t ime  EPO 
vec tors  a r e  numbered one through s i x  i n  Table 1.1. 

Following TLI,  t he re  were two s t a t e  vec to r s  which were compared 
wi th  t h e  EPO vec to r s .  These a r e  numbered seven and e i g h t  i n  Table 1.1. 
The "TB7 + 150" vec tor  w a s  an I U  s t a t e  vec tor  which w a s  s to red  i n  the  I U  
a t  TB7+150.2 seconds and recovered upon t r ack ing  a c q u i s i t i o n .  The 
"BDAX 036" vec to r  is t h e  post-TLI s o l u t i o n  based on the  b e s t  a v a i l a b l e  
da ta  e 

I n  comparing t h e  i m p a c t  po in ts  of vec tors  1 through 7 i n  Table 1.1, 
i t  appears t h a t  t he  impact po in t  should be i n  t h e  region of 40-43"W. How- 
ever ,  when the  "BDAX-036" vec tor  w a s  rece ived ,  a s h i f t  appeared i n  t h e  
s o l u t i o n .  As  planned p r e f l i g h t ,  the  b e s t  a v a i l a b l e  post-TLI t racking  
vec to r ,  "BDAX-036," w a s  used t o  compute t h e  APS lunar  impact burn.  There 
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w a s  a l s o  another  cons idera t ion  i n  t h e  dec i s ion  t o  use t h i s  vec to r ,  The 
"BDAC-036" vec tor  impact po in t  f e l l  c l o s e r  t o  t h e  t a r g e t  than the  pre-  
vious vec tors .  This meant t h a t  should i t  be i n  e r r o r ,  a second lunar  
impact maneuver of minimal a t t i t u d e  change would be requi red .  The 
p o s s i b i l i t y  of a second lunar  impact maneuver had been planned f o r  
p r e f l i g h t .  

Following i n i t i a t i o n  of TB8, the  a c t u a l  v e l o c i t y  changes due t o  
the  evasive burn,  CVS vent ,  and LOX dump were observed from telemetered 
accelerometer  measurements. I n  add i t ion ,  t he  S-IVB/IU t o t a l  mass w a s  
ca l cu la t ed  based on the  a c t u a l  evasive burn v e l o c i t y  change and the  APS 
chamber pressures  during the  burn. The "BDAX-036" vec tor  w a s  then input  
t o  t h e  LUNTAR Program wi th  t h e  a c t u a l  v e l o c i t y  increments f o r  the  evasive 
burn,  CVS ven t ,  and LOX dump modeled. The r e s u l t i n g  a t t i t u d e  change and 
APS burn du ra t ion  were t ransmi t ted  t o  MSC where the  command w a s  s e n t  t o  
t h e  I U .  Immediately a f t e r  t he  command w a s  s e n t ,  t he  v e h i c l e  executed 
the  a t t i t u d e  maneuver, and a t  6:OO:OO GET, t he  APS burn t o  achieve  the  
des i r e d  lunar  i m p a c t  occurred as planned ~ 

A t  approximately 7 : 4 5 :  00 GET, MSC t ransmi t ted  a second post-TLI 
t racking  vec tor  ( "7 :45"  vec to r )  which showed t h a t  t he  v e h i c l e  would 
impac t  a t  30.9"W longi tude  and 8"s l a t i t u d e .  This i m p a c t  p o i n t  w a s  
used as a b a s i s  f o r  determining t h e  necess i ty  of a second lunar  impact 
burn. 

The fol lowing c r i t e r i a  were used t o  make t h i s  dec is ion:  

(1) I f  t he  " 7 : 4 5 "  t rack ing  vec tor  i n t eg ra t ed  t o  i m p a c t  f e l l  
w i t h i n  200 k i lometers  of t he  t a r g e t  s i t e ,  then a second APS burn would 
not  be needed. 

( 2 )  I f  t he  " 7 : 4 5 "  t rack ing  vec tor  f e l l  ou t s ide  the  200 ki lometer  
c i r c l e  about  t he  t a r g e t  s i t e ,  t h e  p r o b a b i l i t y  t h a t  the  a c t u a l  impac t  
p o i n t  would be wi th in  350 kilometers  of t h e  t a r g e t  would be l e s s  than 
5 0  percent .  Therefore ,  a second APS lunar  impact maneuver would be 
requi red  and would occur a t  approximately 9: OOGET t o  s a t i s f y  the  lunar  
impac t m i s s  ion  ob j ec t i v e  . 

Based on a predic ted  i m p a c t  po in t  of 30.9"W longi tude  and 8"s 
l a t i t u d e ,  t he  m i s s  d i s t a n c e  w a s  approximately 150 k i lometers .  There- 
f o r e ,  no a d d i t i o n a l  t r a j e c t o r y  co r rec t ions  were necessary.  A s  l a t e r  
t racking  vec tors  were received from MSC, t h e  accuracy of t he  6:OO:OO 
GET maneuver w a s  confirmed. 
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1.2.3 Target ing Accuracy 

Because of the  unplanned APS t h r u s t i n g  a t  19:29:10 GET, t he  
ac tua l  S-IVB/IU impact po in t  does no t  n e c e s s a r i l y  r e f l e c t  the  accuracy 
of the  r ea l - t ime  t a rge t ing .  Figure 1.1 i l l u s t r a t e s  the change i n  impact 
po in t  due t o  t h e  anomalous APS th rus t ing .  Also contained i n  t h i s  f i g u r e  
a r e  the  i m p a c t  po in t s  of t he  "7:45" vec tor  and t h e  "TB7 + 150" and 
"BDAX-036" vec tors  w i th  a c t u a l  measured v e l o c i t y  changes modeled i n  the  
t r a j e c t o r y .  

By comparing t h e  pro jec ted  impact po in t  fol lowing lunar  impact 
burn, based on p o s t f l i g h t  t racking  a n a l y s i s ,  wi th  the  t a r g e t  coord ina te s ,  
it is  seen  t h a t  a m i s s  d i s t a n c e  of 115.6 km can be a t t r i b u t e d  t o  r e a l -  
time t a rge t ing .  The movement of the  impact po in t  due t o  the  anomalous 
th rus t ing  represents  a d i s t a n c e  of 149.5 km, moving the  actual  impact 
po in t  50.1 km'closer t o  t he  t a r g e t .  
had caused the  t r a j e c t o r y  t o  move i n  the  oppos i te  d i r e c t i o n ,  t he  f i n a l  
impact po in t  would s t i l l  have been wi th in  350 km of the  t a r g e t .  How- 
ever ,  i f  t he  lunar  i m p a c t  maneuver had been based on the  "TB7 + 150" I U  
s t a t e  vec to r ,  the  impact po in t  would have f a l l e n  ou t s ide  the  350 km 
c i r c l e  and would not  have met t he  mission ob jec t ive .  Also of i n t e r e s t  
i n  F igure  1.1 i s  t h e  r e l a t i v e  accuracy of t h e  "7:45" r ea l - t ime  t racking  
vec to r  as compared t o  t h e  GSFC lunar  impact po in t  s o l u t i o n  before  the  
anomalous t h r u s t i n g  

Even i f  t he  anomalous APS maneuver 

1 .3  Vehicle Performance During Translunar Coast 

1.3.1 Performance Before Loss of Yaw Gyro 

Re la t ive  t o  t h e  lunar  impact t a r g e t i n g ,  veh ic l e  performance d u r -  
ing Timebase 7 and 8 u n t i l  l o s s  of t h e  primary yaw gyro a t  12:47:00 GET 
was very c l o s e  t o  nominal. The o r b i t a l  energy a t  T L I  r e f l e c t e d  only a 
very s l i g h t  underspeed condi t ion  r e l a t i v e  t o  the  T L I  condi t ions  given 
i n  r e fe rence  2. CSM/L;M e j ek t ion  w a s  nominal and TB8 i n i t i a t i o n  was  
only four  minutes la te .  Following i n i t i a t i o n  of TB8, t he  80-second APS 
evasive burn, 300-second CVS ven t  and 48-second LOX dump were issued by 
the  I U  swi tch  s e l e c t o r .  Table 1 . 2  compares t h e  a c t u a l  and nominal AV's 
during TB8. The evasive burn,  CVS vent ,  and LOX dump nominals are  pre- 
f l i g h t  computed based on nominal T L I  condi t ions .  The APS lunar  impact 
burn nominal is based on t h e  "BDAX-036" T L I  cond i t ions ,  and w a s  com- 
puted as a n  output  from rea l - t ime t a rge t ing .  
S- IVB/IU before  anomalous t h r u s t i n g  were very c l o s e  t o  nominal, 

A l l  TB8 AV's from the  

On AS-508, t h e  t o t a l  mass of t he  S-LVB/IU w a s  ca l cu la t ed  i n -  
r e a l  time from the  fol lowing parameters.  
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(I-) APS evasive burn t h r u s t  ( l b )  - ca lcu la t ed  by observing APS 
u l l a g e  engine chamber pressures  (100 p s i a  i n  both engines) 
and reading the  corresponding t h r u s t  (139 ~ 2 l b )  from 
an AS-508 u l l age  engine t h r u s t  versus  chamber p re s su re  curve.  

(2 )  Evasive burn du ra t ion  (sec)  - observed. 

(3) Evasive burn AV (m/s) - observed from telemetered acce le r -  
ometer readout .  

Applying predic ted  mass lo s ses  due t o  vent ing and the LOX dump 
provides a veh ic l e  mass h i s t o r y  during TB8 (see  t a b l e  1.3). Making the  
above c a l c u l a t i o n  f o r  the  6 : O O : O O  GET APS burn g ives  an S - I V B / I U  mass 
which is  i n  c l o s e  agreement wi th  t a b l e  1.3. The lunar  impact m a s s  i s  
t he  estimated dry mass of the  S-IVBJIU. 

Table 1 .4  summarizes the a c t u a l  and p r e f l i g h t  nominal TB8 a t t i -  
tudes.  The veh ic l e  maneuvered t o  and maintained the  a c t u a l  a t t i t u d e  
given i n  t a b l e  1.4 t o  wi th in  11".  The d i f f e rences  between t h e  a c t u a l  
and the  nominal APS lunar  impact burn values  are  pr imar i ly  due t o  d i f -  
ferences between a c t u a l  and p r e f l i g h t  nominal T L I  condi t ions and TB8 
v e l o c i t y  increments through t h e  LOX dump. 

Figure 1 . 2  is a schematic of veh ic l e  sun angles ,  the  values  of 
which a r e  given i n  t a b l e  1.5 as a func t ion  of veh ic l e  a t t i t u d e .  Table 
1.5 a l s o  compares AS-508 and previous v e h i c l e  sun angles  f o r  t he  var ious 
a t t i t u d e s .  

1.3.2 Performance Following Loss of Yaw Gyro 

A t  12:47:30 GET, the  yaw a t t i t u d e  e r r o r  s t a r t e d  t o  d iverge  due 
t o  loss of yaw r a t e  gyro feedback i n  the con t ro l  system, causing some 
erroneous APS yaw engine f i r i n g .  When the  backup yaw gyro took over ,  
t h e  yaw engine f i r i n g  r a t e  which had b u i l t  up i n  magnitude and dura t ion  
subsided t o  normal opera t ion .  

A t  13: 42: 33 GET, the  t r a n s p o s i t i o n ,  docking, and e x t r a c t i o n  (TDSrE) 
a t t i t u d e  maneuver w a s  performed f o r  t he  second time due t o  inhe ren t  
c h a r a c t e r i s t i c s  of t he  Launch Vehicle D i g i t a l  Computer (LVDC) located i n  
the  I U .  A counter  i n  t h e  LVDC overflowed a t  13:24:07.4 GET a f t e r  which 
i t  rever ted  t o  counting beckwards. The TD&E maneuver w a s  mechanized 
such t h a t  a t  t he  appropr i a t e  time i n  the  r eve r se  count i t  would be 
i n i t i a t e d  a second time. 

Loss of a t t i t u d e  con t ro l  w a s  experienced a t  19:09: 10 GET when the  
p i t c h  and yaw a t t i t u d e  e r r o r s  diverged t o  a maximum value  of approxi- 
mately 11.8 degrees ,  causing the  APS con t ro l  engines t o  f i r e  t o  
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e s t a b l i s h  p i t c h  and yaw body rates o'€ approximately - 2  deg/sec.  
r a t e s  were maintained t o  o f f s e t  t h e  cons tan t  a t t i t u d e  e r r o r  s i g n a l s .  

These 

A t  19:29:10 GET i n s u f f i c i e n t  e l ec t r i ca l  power caused a lo s s  of yaw 
r a t e  feedback i n  t h e  c o n t r o l  system. The loss of r a t e  feedback, com- 
bined wi th  t h e  l a r g e  a t t i t u d e  e r r o r  s i g n a l ,  caused two yaw c o n t r o l  
engines t o  come f u l l  on. With l o s s  of t h e  yaw r a t e  feedback, t h e  con- 
t r o l  system could no t  c o r r e c t  f o r  t h e  r a t e  imparted t o  t h e  v e h i c l e  by 
t h e  yaw engines and commanded t h e  yaw engines t o  remain f u l l  on. 
Module 1 f u e l  depleted a t  19:30:35 GET and Module 2 f u e l  depleted a t  
19:30:56.5 GET. Module 1 and Module 2 ox id izer  d e p l e t i o n  t i m e s  were 
19: 31: 16 and 19: 31: 34 GET, r e s p e c t i v e l y .  During the  yaw engine f i r i n g ,  
t h e  p i t c h  engines were f i r e d  i n  a l t e r n a t i n g  s e r i e s  of pulses  u n t i l  
p r o p e l l a n t  deple t ion .  

During t h e  yaw engine f i r i n g ,  a tumble r a t e ,  as wel l  as a s i g n i f i -  
c a n t  t r a n s l a t i o n a l  AV, w a s  b u i l t  up. I n  a d d i t i o n ,  because Module 2 yaw 
engine f i r e d  21.5 seconds longer than Module 1, t h e r e  w a s  a s i g n i f i c a n t l y  
l a r g e  r o l l  r a t e  imparted t o  t h e  S-IVB/IU. 

Evidence of t h e  t r a n s l a t i o n a l  AV a d d e d  t o  t h e  s t a g e  can be  seen i n  
f i g u r e  1.3, which presents  a p l o t  of range r a t e  d a t a  from two d i f f e r e n t  
t racking  s t a t i o n s  a t  t h e  time of t h e  erroneous yaw engine f i r i n g s .  The 
t r a n s l a t i o n a l  AV a p p e a r s  t o  be on t h e  order  of 2-3 m / s .  The magnitude 
and e f f e c t s  of t h e  r e s u l t a n t  a t t i t u d e  motion due t o  t h i s  erroneous 
t h r u s t i n g  w i l l  be  discussed i n  Chapter 11. A more complete p r e s e n t a t i o n  
of v e h i c l e  performance during IU l i f e t i m e  is  contained i n  r e f e r e n c e  3. 
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FIGURE 1 . 2  BODY-REFERENCED ORIENTATION ANGLES OF THE L I N E  OF SIGHT 
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CJUPTER 11. TRACKING ANALYSIS 

I. M. Salzberg 

2.0 In t roduc t ion  

I n  order  t o  d i sc r imina te  the  t racking  d a t a  c h a r a c t e r i s  t ics  f o r  t h e  
AS-508 S-IVB/IU t r a j e c t o r y ,  i t  is  necessary t o  e s t a b l i s h  the  t i m e s  of 
a l l  propuls ion events .  Tab1 e 2 . 1  l i s  ts the  s ign i f  i c a n t  t r a j  ec to ry  events 
involving the  S - I V B / I U  from l i f t - o f f  time t o  luna r  impact. 

This s e c t i o n  analyzes  a l l  a v a i l a b l e  Apollo 1 3  S - I V B / I U  metric t rack-  
ing d a t a  t o  (1) ob ta in  the  b e s t  estimated t r a j e c t o r y  from T L I  t o  lunar  
impact and thus ob ta in  b e s t  es t imates  of t h e  lunar  i m p a c t  p o i n t ,  (2)  
determine the  accuracy of any such es t imates ,  and (3) determine the  
ex i s t ence  of any t r acke r  anomalies o r  subnominal t r acke r  performance. 
To accomplish these  ob jec t ives ,  t h e  following paragraphs w i l l  d i scuss  
the  a n a l y s i s  techniques used, data  a v a i l a b l e ,  a n a l y s i s  r e s u l t s  , and 
f i n a l l y ,  conclusions 

2 I( 1 Analysis  Techniques Used 

Apollo 1 3  S-IVB/IU t r a j e c t o r y  and d a t a  a n a l y s i s  w a s  accomplished a t  
t h e  Goddard Space F l i g h t  Center using two sof tware  systems. During the  
mission,  t he  Goddard 360/75 Real-Time Computer System (GRTS) w a s  used 
ex tens ive ly  t o  provide prel iminary ana lyses .  A more d e t a i l e d  inves t iga -  
t i o n  of mission d a t a  w a s  conducted during and a f t e r  t he  mission using t h e  
Data Evaluat ion Branch Tracking Analysis Program (DEBTAP) which is  used 
wi th  e i t h e r  t h e  IBM 360/75 o r  360/95 computer system. 

A Bayes d i f f e r e n t i a l  c o r r e c t i o n  technique using l e a s t  squares  as a 
s t a r t e r  w a s  used throughout t he  t r ans luna r  mission phase by GRTS f o r  
o r b i t  determinat ion.  Resul t ing vec tors  were propagated t o  a s p h e r i c a l -  
moon (1738.09 km) impact using an e igh th  order  Adams-Moulton i n t e g r a t o r .  
J u s t  a f t e r  i m p a c t ,  arcs cons i s t ing  of the  l a s t  3 ,  11, and 16 hours of 
da ta  were Analyzed using the  GRTS opera t ing  i n  the  l ea s t - squa res  d i f -  
f e r e n t i a l  c o r r e c t i o n  mode. The J P L  l u n a r '  ephemeris designated DE-19 
and l u n a r  p o t e n t i a l  model designated L1  by MSC.are used i n  GRTS. MSFN 
s t a t i o n  loca t ions  shown i n  t a b l e  2.2 were used i n  a l l  c a l c u l a t i o n s .  
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DEBTAP uses a weighted leas t - squares  d i f f e r e n t i a l  c o r r e c t i o n  
technique t o  s o l v e  f o r  the s t a t e  vec to r ,  and is a l s o  capable  of so lv-  
ing f o r  up t o  50 unmodeled e r r o r  parameters.  The i n t e g r a t o r ,  e a r t h  
geode t i c s ,  lunar  ephemeris, and dynamic moon model used i n  DEBTAP a r e  
i d e n t i c a l  t o  those i n  the  GRTS. DEBTAP and GRTS d a t a  processing has 
been c a r e f u l l y  compared wi th  both r e a l  and simulated near -ear th ,  l una r ,  
and t r a n s f e r  t r a j e c t o r y  d a t a .  No s i g n i f i c a n t  d i screpancies  e x i s t  
between the  two systems when GRTS i s  used i n  the  leas t - squares  mode. 

A t h i r d  program ca l l ed  ORAN (ORbit ANalysis) w a s  used t o  determine 
t h e  e f f e c t s  of unmodeled e r r o r s  and varying geometry on lunar  impact 
p red ic t ions  a This program develops simulated d a t a  f o r  a s p e c i f i e d  
t r a j ec to ry ,  and wi th  a p r i o r i  knowledge of measurement noise  and 
unmodeled o r  unadjusted sys temat ic  bias, computes the  e f f e c t  i n  
modeled parameters.  It is  a l s o  capable  of propagating measurement 
no i se  and unadjusted sys temat ic  b i a s  t o  determine a r e a l i s t i c  
unce r t a in ty  a s soc ia t ed  wi th  modeled parameters.  In  t h i s  p a r t i c u l a r  
a n a l y s i s ,  frequency (or  three-way range r a t e  b i a s e s )  , range,  and 
geodet ic  e r r o r s ,  a long wi th  range and range r a t e  no ise ,  were s p e c i f i e d  
over segments of t h e  a c t u a l  Apollo 13 S-IVB/IU t r a j e c t o r y ,  and t h e i r  
r e s u l t a n t  e f f e c t  on t h e  s t a t e  ( i t s  unce r t a in ty )  a t  lunar  impac t  w a s  
examined. 

Every bes t - e s  timated S - I V B / I U  t r a j e c t o r y  w a s  computed using a l l  
range (not  j u s t  t he  f i r s t  range) and range r a t e  da t a  a v a i l a b l e  except 
where noted. Range and range r a t e  were weighted a t  15 meters and 3 
mil l ime te r s  per  second, r e spec t ive ly .  Because of t he  r e l a t i v e l y  l a r g e  
number of range r a t e  observat ions and the  weight ing,  c o r r e l a t e d  range 
da ta  had l i t t l e  e f f e c t  on best-est imated t r a j e c t o r y  determinat ion.  The 
MSFN USB t racking  systems provide a n  i n i t i a l  range, and subsequent 
ranges a r e  developed from i n t e g r a t i n g  doppler counts.  

Post-TLI a n a l y s i s  was broken i n t o  two major par t s .  A b e s t - e s t i -  
mated t r a j e c t o r y  w a s  computed wi th  DEBTAP f o r  t he  period from the  end 
of the  APS impact. burn t o  t h e  s t a r t  of t h e  S - I V B / I U  anomalous t h r u s t i n g  
( see  t a b l e  2.1), and an  e r r o r  a n a l y s i s  w a s  performed wi th  ORAN t o  d e t e r -  
mine t h e  accuracy of t he  pred ic ted  impact pos i t i on .  E a r l i e r  d a t a  con- 
ta ined many scheduled burns and vent ing ,  and the  lengths  of unperturbed 
t r a j e c t o r y  a r c s  were too s h o r t  t o  perform a meaningful a n a l y s i s .  

From the  terminat ion of t he  anomalous S - I V B / I U  t h r u s t i n g  t o  lunar  
impact w a s  t h e  second major t r a j e c t o r y  a r c  analyzed. This arc  w a s  
divided i n t o  four  segments ( see  t a b l e  2 . 3 ) ,  and best-est imated t r a j e c -  
t o r i e s  and a s soc ia t ed  impact p red ic t ions  were computed f o r  each segment 
and combinations of segments ., 
t o  determine the  unce r t a in ty  a s soc ia t ed  wi th  t h e s e  p red ic t ions .  The 
purpose of performing the  a n a l y s i s  i n  t h i s  f a sh ion  w a s  t o  determine i f  
da ta  from var ious  pa r t s  of t he  t r a n s f e r  t r a j e c t o r y  were compatible. 

Several  analyses  were performed wi th  ORAN 
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It w a s  hoped t h a t  unmodeled v e h i c l e  vent ing and d a t a  b i a ses  would be 
more c l e a r l y  seen. 

2 . 2  Data Avai lab le  

Figure 2 . 1  is an  events c h a r t  which no t  only shows planned and 
unplanned t r a j e c t o r y  per turb ing  events bu t  a l s o  g raph ica l ly  d i sp l ays  
both two and three-way t racking  s i t e  passes from TLI  t o  lunar  impact. 
Table 2.4 provides a l i s t  of t he  va l id  C and S-band t racking t imes , '  
and ind ica t e s  per iods during which range d a t a  a r e  ava i l ab le .  Table 2.4 
l i s t s  only those times when new and v a l i d  USB range a c q u i s i t i o n s  
occurred. On A p r i l  1 2 ,  a t  approximately 07:OO GMT, t he  MSFN USB s i t e s  
switched from 1-per-6-second da ta  r a t e  t o  1-per-10-second d a t a  r a t e .  
This l a t t e r  d a t a  r a t e  w a s  maintained throughout the  remainder of the  
m i s s  ion.  

Shor t ly  a f t e r  t h e  explosion onboard the  CSM/LM, communications 
wi th  t h i s  veh ic l e  ( including t racking)  were s h i f t e d  t o  the LM frequency. 
It w a s  decided t h a t  communications wi th  the  S - I V B / I U  would be conducted 
a t  a frequency o f f s e t  from the  nominal t o  avoid i n t e r f e r e n c e  wi th  the  
CSM/LM. S-IVB/IU downlink frequencies  used a r e  a l s o  l i s t e d  on t a b l e  
2.4. On A p r i l  14, ETC (Engineering Tes t  Center) and GDS acquired th ree -  
way s i g n a l  lock a t  19:26 GMT and 20:33 GMT, r e spec t ive ly ,  both using 
t h e  same wrong downlink frequency f o r  t he  e x t r a c t i o n  of doppler informa- 
t i on .  These s i t e s  were informed of t h e i r  e r r o r ,  and both s i t e s  switched 
t o  the  c o r r e c t  frequency a t  21:56 GMT. By applying the  proper frequency 
b i a s ,  i t  w a s  poss ib l e  t o  use these  d a t a  i n  the  ana lys i s .  

The ETC MSFN USB s i t e  loca ted  a t  GSFC w a s  scheduled t o  t r a c k  the  
S - I V B / I U  i n  the  three-way mode throughout t h e  t r a n s f e r  t r a j e c t o r y  by 
Goddard personnel t o  provide a d d i t i o n a l  t racking  geometry. 

The time of S-IVB/IU impact can a l s o  be determined by not ing  when 
S - I V B / I U  USB l o s s  of s i g n a l  occurred and s u b t r a c t i n g  the  speed-of- 
l i g h t  time de lay  from the  observat ion.  The r e s u l t  of t h i s  impact 
determinat ion and computation f o r  Apollo 1 3  is  presented i n  t a b l e  2.5. 
The Madrid time i s  assumed t o  be i n  e r r o r  by 1 .0  seconds. 

2.3 Analysis  Resul t s  

2.3.1 APS Impact Burn t o  Anomalous Thrust ing 

A best-est imated t r a j e c t o r y  (BET) using DEBTAP and 1-per-minute 
range and r a t e  d a t a  w a s  cons t ruc ted  from 102/01:16:37 t o  102/14:42:10 
GMT (days/hr:min: s e c )  e I n  examining range r a t e  r e s i d u a l s  from t h i s  run 
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( f igu res  2 . 2  and 2.3) ,  i t  w a s  evident  t h a t  propuls ive t h r u s t i n g  w a s  
occurr ing from 01: 16 t o  approximately 02: 00 GMT and from 07: 00 t o  
14:42 GMT. These d a t a  were subsequent ly  removed from the  a r c ,  and a 
f i n a l  BET w a s  cons t ruc ted  using only the  d a t a  from 02:OO t o  07:OO GMT 
(a rc  0 ) .  Figures 2.4, 2.5, 2.6, and 2 . 7  show g raph ica l ly  the  r e s u l t i n g  
r e s i d u a l s ,  and t a b l e  2.6 summarizes the  range and range r a t e  r e s i d u a l s  
and range r a t e  noise .  Predicted impact po in t  and time based upon t h e  
BET vec tor  a r e  shown i n  t a b l e  2 . 7 .  

Table 2.8 presents  t h e  r e s u l t s  of var ious ORAN e r r o r  a n a l y s i s  
runs conducted f o r  t h e  complete a r c .  Addit ional  e r r o r  a n a l y s i s  com- 
pu te r  runs f o r  t he  shortened a r c  a r e  not  p re sen t ly  a v a i l a b l e .  USB 
no i se  and b i a ses  used t o  perform t h e  s tudy  a r e  summarized i n  t a b l e  2.8. 

2 ~ 3.2 Anomalous Thrusting t o  Impact 

BET'S were cons t ruc ted  f o r  segments 1, 2 ,  3,  4 ,  1 2 ,  2 3 ,  3 4 ,  123, 
and 234. Mean s t a t i o n  range r a t e  and range r e s i d u a l s  are  tabula ted  i n  
t a b l e  2.6, one-sigma range r a t e  no i se  is  compiled f o r  each s t a t i o n  f o r  
a r c s  1 and 4 i n  t a b l e  2.6, and t h e  pred ic ted  i m p a c t  po in t  and time, 
based on t h e  var ious  BET vec to r s ,  a r e  contained i n  t a b l e  2 . 7 .  Table 2.9 
summarizes the  r e s u l t s  of ORAN e r r o r  a n a l y s i s  runs which match with 
DEBTAP a n a l y s i s  arcs e 

GRTS lunar  impact p red ic t ions  based upon l eas t - squa re  BET'S con- 
s t r u c t e d  during Apollo 13 f o r  var ious combinations of a r c  length  and 
d a t a  sampling i n t e r v a l s  are presented i n  t a b l e  2.10. These values  a f  
selenographic  l a t i t u d e  and longi tude  were the  b a s i s  f o r  GSFC's o r i g i n a l  
es t imate  of t h e  lunar  impact  po in t .  This o r i g i n a l  es t imate  is  graphic-  
a l l y  shown as an  e r r o r  r ec t ang le  i n  the  c e n t e r  of f i g u r e  2.8. S imi la r  
DEBTAP BET'S were determined a f t e r  Apollo 1 3  i n  an  a t t e m p t  t o  v e r i f y  
these  r e s u l t s .  Table 2 .11  compares DEBTAP and GRTS BET'S t h a t  cover 
i d e n t i c a l  segments and have somewhat similar da t a .  I d e n t i c a l  da t a  a r c s  
a r e  almost impossible t o  c o n s t r u c t  s i n c e  d i f f e r e n t  d a t a  c o l l e c t i o n  
schemes a r e  used f o r  DEBTAP and GRTS. 

2.3.3 Impac t P r e d i c t  ion  P r i o r  t o  Anomalous Thrus t ing 

Before the  anomalous t h r u s t i n g  between 102/02: 00 and 102/07: 00 
GMT, computed lunar  impact coord ina tes  were as follows: 

Selenographic La t i tude  = -6.81 degrees 

Selenographic Longitude = -30.29 degrees 

Impac t  time = 105/01:02:55 GMT. 

20 



An ORAN s imula t ion  t h a t  exac t ly  p a r a l l e l s  t h i s  a n a l y s i s  run is 
no t  a v a i l a b l e  a t  t h i s  time. However, ORAN run number 05, summarized i n  
t a b l e  2.8, approximates the  geometry, and it is expected t h a t  a c t u a l  
r e s u l t s  should be somewhat b e t t e r  s i n c e  some HSKW d a t a  were used i n  
the  BET a n a l y s i s  a r c .  Thus, t he  one-sigma accuracy of t h e  above predic-  
t i o n  should,  p e s s i m i s t i c a l l y ,  be .58 selenographic  degrees.  

2.3.4 Resul t s  of ORAN Simulations Between the  APS Impact 
Burn and the  Anomal is  t i c  Thrus t ing 

Table 2.8 shows t h a t  a f u l l  14-hour a r c  wi th  no veh ic l e  t h r u s t -  
ing (ORAN run 01) reduces one-sigma impac t  u n c e r t a i n t i e s  t o  3.9 km when 
t h r e e  geographica l ly  d i f f e r e n t  e a r t h  t racking  s i t e s  a r e  used. Omitting 
the  2.5 hours of MADW two and three-way d a t a  (ORAN run 02)  approximately 
doubles the  unce r t a in ty .  I f ,  i n  add i t ion ,  three-way s i t e s  a r e  omitted 
(ORAN run 09) t h e  unce r t a in ty  aga in  approximately doubles.  A reduc- 
t i o n  i n  unce r t a in ty  from 1516 km t o  59.1 km w a s  r e a l i z e d  using three-  
way d a t a  when only one two-way s i t e  w a s  a v a i l a b l e .  

A USB transponder antenna loca ted  on a tumbling o r  r o t a t i n g  
veh ic l e  produces a s inuso ida l  range r a t e  modulating the  t r a n s f e r  
t r a j e c t o r y  s l a n t  range r a t e .  The tumble r a t e ,  t he  d i s t ance  from the  
tumble a x i s ,  and the  number of antennae a f f e c t  both the  amplitude and 
frequency of the  modulation. I f  automatic antenna switching is  used, 
a d i s t o r t e d  o r  modified s i n e  wave is encountered. Thus, spacec ra f t  
tumbling has the  e f f e c t  of increas ing  range r a t e  no i se  and r e s u l t s  i n  
an  almost l i n e a r  i nc rease  i n  impact unce r t a in ty  due t o  no i se  only.  
USB one-sigma quant iz ing  no i se  a t  a one-per-minute sampling r a t e  w a s  
5 mm/sec f o r  Apollo 13, which is ha l f  of t h e  observed no i se  tabula ted  
i n  t a b l e  2.6. For Apollo 14 USB one-sigma quant iz ing  no i se  w i l l  be 
reduced by a f a c t o r  of 20 because of equipment improvements. Thus, t he  
importance of minimizing the  tumbling r a t e  of t he  S - I V B / I U  t o  ob ta in  
b e s t  p o s s i b l e  impact p red ic t ions  cannot be overemphasized. 

2.3.5 Apollo 13, S-IVB/IU Best-Estimated Lunar Impact 
P o s i t i o n  Af te r  t h e  Anomalous Thrust ing 

A parametr ic  graph of t he  d a t a  i n  t a b l e  2.7 f o r  S - I V B / I U  i m p a c t  
t ime and selenographic  longi tude  is  presented i n  f i g u r e  2.9.  This f i g -  
ure  shows the  h igh  c o r r e l a t i o n  between these  parameters which can be 
a t t r i b u t e d  t o  the  r o t a t i o n a l  v e l o c i t y  of t he  moon about t he  e a r t h .  
Based on these  d a t a  and a known impact time from t a b l e  2.5, impact 
longi tude  appears t o  be between -27.9 and -28.1 degrees .  
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Figure 2.8 presents  t h e  r e s u l t s  of t a b l e s  2 . 7  and 2.9. The f a c t  
t h a t  no i se  p l u s  b i a s  u n c e r t a i n t i e s  as der ived from ORAN do not  overlap 
f o r  a l l  a r c s  i nd ica t e s  t h a t  one or  a combination of the following may 
be occurr ing:  

(1) Propuls ive  vent ing during a r c s  one and/or  two. 

(2) Tracker b i a ses  i n  excess of those est imated.  

Since only one range a c q u i s i t i o n  w a s  made by GDSW a t  102/21:53 GMT, i t  
is  suspected t h a t  t he  233 meter range b i a s  observed w a s  due t o  an  incor-  
r e c t  ranging. The n a t u r e  of t he  USB hardware is  such t h a t  i n c o r r e c t  
range a c q u i s i t i o n s  y i e l d  range e r r o r s  i n  mul t ip l e s  of 300 meters.  No 
o ther  14-hour arc produced range r e s idua l s  of t h i s  magnitude. Repeated 
range acqu i s ib ion  by HSKW a t  103/06:25, 07:11 and 07:14 GMT produced 
range r e s i d u a l s  i n  a r c  2 of l e s s  than 72 meters ,  and an average r e s i d u a l  
of -8 meters .  However, when var ious 14-hour d a t a  a r c s  were combined, 
these  same range d a t a ,  i n  every case  involving a r c s  one or  two, yielded 
r e s i d u a l s  i n  excess of 350 meters.  It is suspected t h a t  no o the r  abnormal 
t r acke r  b i a ses  e x i s t ,  bu t  t h a t  some a d d i t i o n a l  vent ing occurred somewhere 
i n  a r c s  1 o r  2 .  A c a r e f u l  examination of range and range r a t e  r e s i d u a l  
p l o t s  f o r  these  a r c s  w a s  unsuccessful  i n  loca t ing  such an  event.  Data 
no i se  due t o  the  s p a c e c r a f t  tumbling would, however, e a s i l y  mask a small 
t h r u s t  s u f f i c i e n t  t o  produce the  observed r e s u l t s .  It, the re fo re ,  
appears wise t o  base an impac t  es t imate  upon d a t a  taken as c l o s e  t o  
impact as poss ib le .  

F igure  2.10 g r a p h i c a l l y  d i sp l ays  the  d a t a  from t a b l e  2.10 and 
2 . 1 1  and a l s o  includes the  r e s u l t s  of a r c  4 .  These r e s u l t s  a r e  
r e spons ib l e  f o r  the  b e s t  lunar  i m p a c t  es t imate .  S m a l l  dev ia t ions  
(16 percent )  i n  d a t a  used t o  c o n s t r u c t  BET'S have a .1 t o  .4 degree 
e f f e c t  upon es t imate  impact l a t i t u d e  as can be  seen  when comparing t h e  
r e s u l t s  of a r c  4 and a r c  41. Data sampling i n t e r v a l  v a r i a t i o n s  have an 
even l a r g e r  e f f e c t ,  and inf luence  1ati tud.e es t imates  by .6  degree and 
longi tude  by .2 degree.  Noise tabula ted  i n  t a b l e  2.10 and confirmed i n  
t a b l e  2 .11  is  p lo t t ed  i n  f i g u r e  2.11. For low d a t a  sampling i n t e r v a l s ,  
RMS no i se  f o r  range r a t e  d a t a  climbs t o  almost 1 meter per second. 
Figure 2 - 1 2  g r a p h i c a l l y  shows the  near -s inusoida l  v a r i a t i o n  of the  range 
r a t e  r e s i d u a l s  from MAD a t  a 1-per-10-second sampling r a t e  approximately 
3 hours p r i o r  t o  i m p a c t .  I f  range r a t e  is r a p i d l y  varying due t o  a 
modulation, MSFN USB equipment w i l l  provide an average range r a t e  over 
t he  sampling i n t e r v a l  according t o  the  fol lowing formula: 

t + .5N 
0 

- - 1 1 k A ( t ) d t .  
%SB A t  

t -.5At 
0 
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I f  kA(t) is  -i cos w t ,  i t  can be shown tha t  t he  maximum ~ U S B  tha t  can 
be obtained is  

s i n  .5&t. 2 i  - -  - 
%SB/max Atw 

Since RUSB/max and w f o r  At = 10 seconds a re  a v a i l a b l e  from f i g u r e  2.12, 
i t  is poss ib l e  t o  s o l v e  f o r  k, That i s ,  

At "RVSB / max 
2 s i n  .5&t 

(1 0 2) 
2 R  10 - 32.38 
1 2R10 = 1.41. 

2 s i n - -  2 32.38 

O r  t h e  maximum a c t u a l  range r a t e  due t o  tumbling of t h e  S-IVB/IU be fo re  
impact i s  1.41 meters  per  second. Since k is  now known, i t  is poss ib l e  
t o  compute ~ T J S B / ~ ~ ~  of *.714, .116, .245, .108, and .079, r e spec t ive ly .  
To determine range r a t e  RMS noise ,  i t  is necessary t o  apply  the con- 
s t a n t  .707. Resul t s  a r e  p l o t t e d  on f i g u r e  2 . 1 1  and ag ree  q u i t e  c l o s e l y  
w i t h  observed range r a t e  no i se .  

Since range r a t e  no i se  is high f o r  sampling i n t e r v a l s  of l e s s  
than 30 seconds,  i t  would appear that  use of t hese  rates w i l l  l ead  t o  
g r e a t e r  d a t a  s e n s i t i v i t y  and a l a r g e r  unce r t a in ty  i n  impact p red ic t ions .  
F igure  2.10 shows no s i g n i f i c a n t  i nd ica t ion  of  l a r g e  unce r t a in ty  o r  d i s -  
pers ion  w i t h  BET'S using the h igher  d a t a  sampling rate. 
is  requi red  t o  t o t a l l y  expla in  these  r e s u l t s .  

Fu r the r  a n a l y s i s  

2.3.6 S-IVB/IU Tumble (Assuming Three USB Antennae) 

Analysis  of 1-per-10-second d a t a  i n d i c a t e s  t h a t  t h e  S-IVB/IU w a s  
tumbling approximately 3.7 degrees/second from t h e  unscheduled t h r u s t i n g  
t o  lunar  i m p a c t .  

2.4 Conc l u s  ions 

1. Before the anomalous t h r u s t i n g ,  bes t -es t imate  lunar  i m p a c t  
se lenographic  coord ina tes  are: 

La t i tude  = -6.81 degrees 

Longitude = -30.29 degrees 

Impact t i m e  = 105/01:02:55 GMT. 

2 3  



2. Simulations i n d i c a t e  t h a t ;  wi th  14 hours of MSFN USB t rack-  
ing d a t a ,  it i s  poss ib l e  t o  p r e d i c t  impact p o s i t i o n  t o  wi th in  .5 
selenographic  degrees.  

3.  Apollo 13 S-IVB/IU best-est imated luna r  impact pos i t i on  is:  

Selenographic l a t i t u d e  = -2,5 F . 5  degrees 

Selenographic longi tude  = -27.9 1 .1 degrees 

Impact Time = 105/01:09:39,695 i .015 second GMT. 

It i s  f e l t  t h a t  any f u r t h e r  reduct ion  i n  the  u n c e r t a i n t i e s  of t hese  
values  w i l l  r e q u i r e  an  ex tens ive  a d d i t i o n a l  a n a l y s i s  e f f o r t .  

4 .  Tumble r a t e  before  impact i s  approximately 3 .7  degrees/second. 
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TABLE 2 . 1  APOLLO 1 3  EVENT TINES 

_ _ _ -  

Event 

L i f t - o f f  

2nd S-IVB Cutoff 

Trans 1 unar I n  j ec t ion  

CSM Separat ion from LM/S-IVB 

CSM Docking w i t h  LM/S-IVB 

CSM/LM E j e c t i o n  from S - I V B  

Timebase 8 I n i t i a t e d  

S t a r t  of APS Evasive Burn 

End of APS Evasive Burn 

Continuous LH, Vent Sys tem (CVS) Or 

S t a r t  of LOX Dump 

cvs Off 

End LOX Dump 

LH2 and LOX Nonpropulsive Vent On 
(Latched Open) 

S t a r t  APS Lunar I m p a c t  Burn 

End APS Lunar Impact Burn 

S t a r t  Anomalous Thrusting 

End Anoma 1 ous  Thrus t ing 

Day/GMT 
(Hr:Min: Sec) 

1 0 1 / 1 9 :  1 3 :  00 (April  11) 

21: 5 4 :  37 

21: 5 4 :  47  

22: 1 9 :  39  

22 :  3 2 :  09 

23 :  1 4 :  01 

2 3 :  3 0 :  59  

23 :  31 :  00 

23:  32 :  20  

23 :  4 7 :  39 

2 3 :  5 2 :  1 9  

2 3 :  5 2 :  39  

23 :  5 3 :  07 

23 :  5 4 :  1 9  

1 101: 1 3 :  00 

01: 16: 37 

1 4 . 4 2 :  10  

- 1 4 :  4 3 :  20  

GET 
(Hr:Min: Sec) 

00: 00: 00 

0 2 :  4 1 :  37 

02:  4 1 :  47  

0 3 :  06: 39 

03:  1 9 :  09  

0 4 :  01: 01 

0 4 :  1 7 :  59  

0 4 :  18: 00 

0 4 :  1 9 :  20 

0 4 :  34 :  39 

0 4 :  39 :  1 9  

0 4 :  39 :  39  

0 4 :  40 :  07 

0 4 :  4 1 :  1 9  

06:  00:  00 

06: 03 :  37 

1 9 :  2 9 :  10 

- 1 9 :  30 :  20  
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TABLE 2.3 APOLLO 13 S- IVB ANALYSIS TRAJECTORY ARCS 

I Arc I GMT 
( D a y / H r : M i n :  Sec) 

0 102 /01:  16: 37 - 1 0 2 / 1 4 :  42:  10 

1 102/14:  43:  20 - 103 /04:  2 2 :  00 

2 103/04:  23: 00 - 103/20:  00: 00 

3 103/20:  01: 00 - IO4/10: 30: 00 

4 104 /10:  31: 00 - I m p a c t  
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CHAPTER 111. SPENT STAGE TRAJECTORY 

W. D. McFadden 

3 . 0  T r a j e c t o r y  D e s c r i p t i o n  and Impact Condi t ions  

The AS-508 S-IVB/IU, LM and CSM were placed on a nea r  nominal 
t r a n s l u n a r  t r a j e c t o r y  a t  S- IVB/IU second c u t o f f .  
t r a j e c t o r y  a t  f i r s t  had t h e  form of an e l l i p s e  w i t h  t h e  c e n t e r  of t h e  
e a r t h  a t  one f o c i .  The o r b i t a l  parameters  of t h e  t r a n s l u n a r  t r a j e c -  
t o r y  c o n d i t i o n s  a r e  g iven  i n  3.1. This  e l l i p s e  w a s  a l t e r e d  dur ing  
Timebase 8 as desc r ibed  i n  Chapter  I. The r e s u l t i n g  o r b i t a l  param- 
e t e r s  of t h e  new e l l i p s e  a r e  p re sen ted  i n  t a b l e  3 .2 .  

The t r a n s l u n a r  

As  t h e  S-IVB/IU moved n e a r e r  t o  t h e  moon, i t s  p a t h  w a s  changed 
from e l l i p t i c  t o  hype rbo l i c  and te rmina ted  a t  l u n a r  impact .  F igu re  3.1 
is  a g e o c e n t r i c  s p a t i a l  t r a c e  of t h e  AS-508 t r a n s l u n a r  t r a j e c t o r y .  
F i g u r e  3 . 2  shows a t r a c e  of t h e  s e l e n o c e n t r i c  subpo in t  of t h e  v e h i c l e  
from TLI  t o  impact .  
s u b s o l a r  p o i n t  and s u b t e r r e s t r i a l  p o i n t  a t  t ime of impact.  

Also shown are  t h e  s e l e n o c e n t r i c  c o o r d i n a t e  a x e s ,  

The r e l a t i v e  p o s i t i o n s  of v a r i o u s  p r o j e c t e d  S-IVB/IU t r a j e c -  
t o r i e s  and CSM/LM t r a j e c t o r y  a r e  i l l u s t r a t e d  i n  f i g u r e  3 . 3 .  The 
R e s u l t a n t  S - I V B / I U  P a t h  A f t e r  Evasive Burn r e p r e s e n t s  t h e  p a t h  which 
t h e  v e h i c l e  would have followed a f t e r  execu t ion  of t h e  APS evas ive  
burn i f  no f u r t h e r  p r o p u l s i v e  t h r u s t i n g  had occurred  u n t i l  impact.  
The o t h e r  t r a j e c t o r i e s  i n  f i g u r e  3 . 3  have similar s i g n i f i c a n c e .  

F igu re  3 . 4  provides  a h i s t o r y  of s e p a r a t i o n  d i s t a n c e  between t h e  
s p a c e c r a f t  and S-IVB/IU. The s e p a r a t i o n  d i s t a n c e  begins  t o  i n c r e a s e  a t  
t h e  t ime of t h e  e v a s i v e  burn.  

F igu re  3 . 5  and f i g u r e  3 . 6  p r e s e n t  t h e  ea r th -cen te red  r a d i u s  and 
v e l o c i t y  magnitudes,  r e s p e c t i v e l y ,  ve r sus  ground e lapsed  t ime,  and f i g -  
u r e  3 . 7  provides  h i s t o r i e s  of t h e  ear th-probe-sun ,  sun-probe-moon, and 
earth-probe-moon a n g l e s  du r ing  t h e  t r a n s l u n a r  c o a s t .  F igu res  3.8,  3 . 9 ,  
and 3.10 g i v e  h i s t o r i e s  of s e l e n o c e n t r i c  a l t i t u d e ,  v e l o c i t y ,  and p a t h  
a n g l e  and az imuth ,  r e s p e c t i v e l y ,  near  t h e  moon and f i g u r e  3.11 shows 
a p l o t  of e a r t h  r e fe renced  C, energy versus .  ground e lapsed  t ime nea r  
t h e  moon p r i o r  t o  impact.  
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For t h e  purpose of p rov id ing  i n f o r m a t i o n  f o r  c a l c u l a t i n g  t h e  
e f f e c t i v e  energy r e l e a s e d ,  f i g u r e  3.12 p r e s e n t s  t h e  t a n g e n t i a l  and 
v e r t i c a l  v e l o c i t y  components a t  t ime of impact and t a b l e  3 .3  sum- 
mar i zes  a c t u a l  i m p a c t  c o n d i t i o n s  of t h e  S - I V B / I U .  

3 .1  T r a j e c t o r y  R e c o n s t r u c t i o n  

3 .1 .1  R e c o n s t r u c t i o n  P r i o r  t o  Anomalous T h r u s t i n g  

A v e c t o r  s o l u t i o n  of t r a c k i n g  data a r c  0, a t  a t ime of 15:OO:OO 
GMT A p r i l  1 2  w a s  i n t e g r a t e d  backward i n  t ime through t h e  a c t u a l  TB8 and 
TB7 impulses t o  CSM s e p a r a t i o n .  The TB7 impulses which were modeled i n  
t h e  s i m u l a t i o n  were: 

AV, m / s  P i t c h ,  deg  Yaw, deq  

CSM/LM E j  ec t i o n  -0.2 1 7 2  - 40 

CSM S e p a r a t i o n  -0.1 138 -40 

The n e g a t i v e  v e l o c i t y  increments i n d i c a t e  t h a t  t h e  impulse w a s  d i r e c t e d  
a long  t h e  S-IVB/IU n e g a t i v e  l o n g i t u d i n a l  a x i s .  The a c t u a l  TB8 impulses 
and a t t i t u d e s  which were s imula t ed  a r e  g i v e n  i n  t a b l e s  1 . 2  and 1.4, 
r e s p e c t i v e l y  . 

The t r a j e c t o r y  p r i n t  from 22: 19: 38.9 GMT A p r i l  11 t o  38:42: 10 
GMT A p r i l  1 2  i n  s u b s e c t i o n  3.2 w a s  gene ra t ed  i n  t h i s  manner based on 
t h e  t r a c k i n g  d a t a  i n  arc 0. For a d i s c u s s i o n  of d a t a  i n  a r c  0 s e e  
Chapter  11. 

3,1.2 R e c o n s t r u c t i o n  Fol lowing Anomalous Thrus t ing  

The a c t u a l  S - I V B / I U  i m p a c t  p o i n t  w a s  ob ta ined  by e s t a b l i s h i n g  
t h e  c e n t e r  of an  env'elope whi'ch enclosed a i l  of t h e  i m p a c t  p o i n t s  
r e s u l t i n g  from t h e  s o l u t i o n s  of v a r i o u s  combina t ions  of t r a c k i n g  data 
arcs ( see  Chapter  11). I n  a d d i t i o n ,  t h e  a c t u a l  impact t ime w a s  ob ta ined  
from t h e  recorded  t e r m i n a t i o n  t ime of t h e  S-IVB/IU USB s i g n a l .  There i s  
no s i n g l e  d a t a  a r c  s o l u t i o n  which produces t h e  e x a c t  a c t u a l  i m p a c t  condi-  
t i o n s .  However, i n  o r d e r  t o  p r e s e n t  t r a j e c t o r y  parameters  which p rov ide  
a good r e p r e s e n t a t i o n  of t h e  a c t u a l  t r a j e c t o r y  t h e  s o l u t i o n  v e c t o r  based 
on a r c  4 was used. The t r a j e c t o r y  p r i n t  i n  s u b s e c t i o n  3 .2  from 38:44:34 
GMT A p r i l  t e r m i n a t i o n  of t h e  anomalous APS t h r u s t i n g  , t o  l u n a r  i m p a c t  
i s  based on t h e  t r a c k i n g  d a t a  i n  a r c  4. 

S i n c e  t h e  v e c t o r  s o l u t i o n  f o r  a r c  4 r e f l e c t s  d a t a  d u r i n g  t h e  
pe r iod  from 10:31:00 A p r i l  14  t o  luna r  impact ,  i t  w a s  n e c e s s a r y  t o  pe r -  
form backward i n t e g r a t i o n  from nea r  impact t o  t h e  end of t h e  anomalous 
APS t h r u s t i n g  i n  o r d e r  t o  o b t a i n  a complete  t r a j e c t o r y  d e s c r i p t i o n .  A 
complete  d i s c u s s i o n  of t h e  d a t a  i n  a r c  4 is g i v e n  i n  Chapter  11. 
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3 . 2  Time H i s  t o r y  of T r a j e c t o r y  Parameters  

D e f i n i t i o n s  of t h e  t r a j e c t o r y  parameters  p re sen ted  i n  t h i s  sub-  
s e c t i o n  are g i v e n  i n  t h e  appendix.  The Greenwich Mean Times (G.M.T. = 
HOURS, MINUTES, SECONDS, MONTH, DAY) which correspond t o  s i g n i f i c a n t  
t r a j e c t o r y  even t s  a r e  preceded by t h e  even t  i d e n t i f i c a t i o n .  

CSM SEPARATION FROM LM/S-IVB/IU 
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APPENDIX 

Coordina te  System D e f i n i t i o n  and 
I d e n t i f i c a t i o n  of T r a j e c t o r y  Parameters  

I. Standard  Apol lo  Coord ina te  Sys tem 1 (Geographic P o l a r )  

Geographic P o l a r  i s  a r o t a t i n g ,  e a r t h - r e f e r e n c e d  c o o r d i n a t e  sys tem 
w i t h  i ts  o r i g i n  a t  t h e  c e n t e r  of t h e  e a r t h .  

R = magnitude of t h e  g e o c e n t r i c  r a d i u s  v e c t o r  t o  t h e  c e n t e r  
of g r a v i t y  of t h e  v e h i c l e  (km) 

DECL = g e o c e n t r i c  d e c l i n a t i o n ;  a n g l e  between t h e  g e o c e n t r i c  r a d i u s  
v e c t o r  and t h e  t r u e  e q u a t o r i a l  p l a n e  measured p o s i t i v e  
n o r t h  and n e g a t i v e  s o u t h  of t h e  t r u e  e q u a t o r i a l  p l a n e  
(deg rees ) .  

LONG 

VS 

EL 

AZ 

= l o n g i t u d e  measured p .os i t i ve  eastward from t h e  prime 
(Greenwich) mer id i an  t o  t h e  mer id i an  c o n t a i n i n g  t h e  
v e h i c l e ,  degrees .  

= magnitude of t h e  i n e r t i a l  v e l o c i t y  v e c t o r  of t h e  v e h i c l e  
(km/s ec )  

= f l i g h t  p a t h  a n g l e  measured p o s i t i v e  upward t o  t h e  v e l o c i t y  
v e c t o r  from t h e  p l a n e  normal t o  t h e  g e o c e n t r i c  r a d i u s  
v e c t o r  (degrees)  

= az imuth  a n g l e  from n o r t h  of t h e  v e l o c i t y  v e c t o r  p r o j e c t e d  
on a p l a n e  normal t o  t h e  g e o c e n t r i c  r a d i u s  v e c t o r  t o  t h e  
v e h i c l e  (degrees) .  

11. Standard  Apol lo  Coord ina te  System 4 (Geocen t r i c  I n e r t i a l )  

Geocen t r i c  I n e r t i a l  i s  a n o n r o t a t i n g ,  e a r t h - r e f e r e n c e d  coord in ,a te  
sys tem w i t h  i t s  o r i g i n  a t  t h e  c e n t e r  of t h e  e a r t h .  The r e f e r e n c e  epoch 
is t h e  mean n e a r e s t  B e s s e l i a n  year .  

X 

Z 

= component of R a long an a x i s  d i r e c t e d  toward t h e  mean 
v e r n a l  equinox (km). 

= component of R d i r e c t e d  a long  t h e  e a r t h ' s  mean r o t a t i o n a l  
a x i s ,  p o s i t i v e  n o r t h  (km) e 
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Y = component of R i n  t h e d i r e c t i o n  which completes a s t a n d a r d  
r igh t -handed  sys tem (km) 

DX,DZ,DY = components of VS a long  t h e  r e s p e c t i v e  d i r e c t i o n s  de f ined  
above (km/sec) 

111. Standard Apol lo  Coordina te  System 4 ( S e l e n o c e n t r i c  I n e r t i a l )  

S e l e n o c e n t r i c  I n e r t i a l  is a n o n r o t a t i n g ,  moon-referenced c o o r d i n a t e  
sys tem w i t h  i t s  o r i g i n  a t  t h e  c e n t e r  of t h e  moon. The r e f e r e n c e  epoch 
i s  t h e  mean n e a r e s t  B e s s e l i a n  y e a r .  

m 

XM = component of t h e  r a d i u s  v e c t o r  (RM) from t h e  s e l e n o c e n t e r  
t o  t h e  v e h i c l e  a long an a x i s  d i r e c t e d  toward t h e  mean 
v e r n a l  equinox (km) e 

ZM = component of RM d i r e c t e d  a long  an a x i s  p a r a l l e l  t o  t h e  
e a r t h ' s  s p i n  a x i s  (km). 

YM = component of RM i n  t h e  d i r e c t i o n  which completes a s t a n d a r d  
r igh t -handed  sys  tem (km) ~ 

DXM,DZM, = components of t h e  moon r e f e r e n c e d  i n e r t i a l  v e l o c i t y  v e c t o r  
DYM a long  t h e  r e s p e c t i v e  d i r e c t i o n s  de f ined  above (km/sec) ~ 

I V .  S tandard  Apol lo  Coordina te  System 2 (Se lenographic  P o l a r )  

Se lenograph ic  P o l a r  i s  a r o t a t i n g ,  moon-referenced c o o r d i n a t e  
sys tem w i t h  i t s  o r i g i n  a t  t h e  c e n t e r  of t h e  moon. 

LATM = a n g l e  de f ined  by t h e  i n t e r s e c t i o n  of t h e  s e l e n o c e n t r i c  
r a d i u s  v e c t o r  t o  t h e  v e h i c l e  and t h e  t r u e  l u n a r  e q u a t o r i a l  
p l ane ,  p o s i t i v e  n o r t h  toward Mare S e r e n i t a t a s  and n e g a t i v e  
s o u t h  of t h e  t r u e  l u n a r  equa to r  (deg rees ) .  

Z 

Y 

= component of R d i r e c t e d  along t h e  e a r t h ' s  mean r o t a t i o n a l  
a x i s ,  p o s i t i v e  n o r t h  (km). 

= component of R i n  t h e  d i r e c t i o n  which completes a s t a n d a r d  
r igh t -handed  sys  tem (km) a 

DX,DZ,DY = components of VS a long  t h e  r e s p e c t i v e  d i r e c t i o n s  de f ined  
above (km/sec) e 

108 



LONGM = a n g l e  measured a long  t h e  e q u a t o r i a l  a r c  from t h e  prime 
mer id i an  t o  t h e  mer id i an  c o n t a i n i n g  t h e  v e h i c l e ,  p o s i t i v e  
eastward toward Mare Cris ium (degrees)  

RM = dXM2 + YM2 + ZM2; r ad i a l  d i s t a n c e  from t h e  s e l e n o c e n t e r  
t o  t h e  v e h i c l e  (km). 

V. Lunar Ta rge t ing  Coordina te  System (S-T-R System) 
and Miss Parameter  B 

STR sys tem has its o r i g i n  a t  t h e  c e n t e r  of t h e  moon and is rede f ined  
a t  Che beginning  of each computa t iona l  c y c l e  - t h e  o r i e n t a t i o n  of t h e  
axes depending on t h e  p o s i t i o n  and o r i e n t a t i o n  of t h e  incoming asymptote .  

s = u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  incoming asymptote  of 
t h e  v e h i c l e  t r a j e c t o r y .  

T = u n i t  v e c t o r  pe rpend icu la r  t o  t h e  incoming asymptote  and 
l y i n g  i n  t h e  l u n a r  f l i g h t  p l a n e ,  p o s i t i v e  i n  a d i r e c t i o n  
r e t r o g r a d e  t o  t h e  moon's o r b i t a l  v e l o c i t y  v e c t o r .  

R = S X T  

B = a v e c t o r  from t h e  o r i g i n  of t h e  S-T-R system i n t e r s e c t i n g  
and pe rpend icu la r  t o  t h e  incoming asymptote .  

B.R,B.T = l u n a r  t a r g e t i n g  c o o r d i n a t e s  (km) e 
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